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ANALYSIS OF BASE PRESSURE AND BASE HEATING ON A 5°-HALF-ANGLE
CONE IN FREE FLIGHT NEAR MACH 20 (REENTRY F)*

By James L. Dillon and Howard S, Carter
Langley Research Center

SUMMARY

Heating and pressure measurements were made on the base of a 396-centimeter-
long 5°-half-angle conical spacecraft during reentry at a free-stream Mach number
near 20 (Reentry F). The cone surface was beryllium except for the graphite nose which
had an initial tip radius of 0.25 centimeter. Angle of attack was less than 19 during the
entry from 30.48 kilometers to 15.24 kilometers.

The predicted values of pressure from an extrapolation of Cassanto's turbulent cor-
relation were lower than the measured data except at the lower altitudes. The trend of
the laminar heating data and the turbulent data at the highest Reynolds numbers was repre-
sented reasonably well by two semiempirical theories. A laminar correlation by King
underpredicted the laminar heating data by a factor of 2 to 3.

INTRODUCTION

Knowledge of the base-heating and base-pressure levels that a reentry vehicle expe-
riences is of considerable practical importance. The base pressure is an important
parameter in the study of near-wake flow-field characteristics. The spacecraft designer
may achieve weight reduction by accurately predicting the base heating and base pressure.

Reliable base-pressure and base-heating data are difficult to obtain in wind tunnels
primarily because of support-interference effects. Free-flight range testing eliminates
the support problem but introduces severe data gathering problems. Hence, full-scale
flight data take on more than usual significance where reliable data from other test tech-
niques are lacking. To these authors' knowledge, only a limited amount of base-pressure
data and base-heating data from reentry vehicles comparable to the present one are avail -
able with which to verify prediction techniques. To help alleviate this scarcity of data,
two pressure and four heat-transfer sensors were installed on the base of the Reentry F
spacecraft. This vehicle was a 396-centimeter-long 5°-half-angle cone which reentered
at a free-stream Mach number near 20. The prime objective of this flight experiment

*Title, Unclassified.




was to obtain accurate turbulent heat-transfer and transition data at conditions of simul-
taneous high Mach number, Reynolds number, total enthalpy, and low ratios of wall tem~-
perature to total temperature. Initial results from the experiment are presented in
reference 1. The base data obtained during the experiment are presented herein along
with semiempirical predictions and previously obtained wind-tunnel and flight data for
comparison.

SYMBOLS
Cp pressure coefficient, P -j”
Klam constant (see eq. (3))
Kturb constant (see eq. (4))
L spacecraft length, measured from stagnation point along longitudinal axis
M Mach number
Npr Prandtl number
NRe Reynolds number
Ngt Stanton number
P static pressure
Q total heat load
q dynamic pressure
q heating rate
R base radius
r distance along base radius measured from center of base
s wetted length of spacecraft
s'=s+R




¢

Subscripts:

b

lam

SS

turb

OIS

temperature

time

velocity

distance from virtual origin measured along longitudinal axis
angle of attack

angle of sideslip

total angle of attack

absolute viscosity

density

circumferential angle (see fig. 2)

local conditions on spacecraft base

cone

local conditions immediately ahead of spacecraft base
laminar

static

local conditions on solid surface that replaces wake
turbulent

most windward ray

free-stream conditions




A bar over a symbol indicates an area-weighted average. An asterisk on a symbol
denotes reference conditions.

EXPERIMENT

Spacecraft and Launch Vehicle

A photograph of the assembled spacecraft is shown in figure 1. The test vehicle was
a 50-half-angle cone, 396 centimeters long with an initial tip radius of 0.25 centimeter.
The primary structure aft of station 21.8 centimeters consisted of a 1.52-centimeter-
thick beryllium cone fabricated from seven individual frustums. An ATJ graphite nose
tip was mounted forward of 21.8-centimeter station. The graphite nose tip radius was
known to increase during reentry, but a definite history of growth could not be established.
(See ref. 2,) However, even for the maximum nose radius believed to be possible (ref. 1),
the flow conditions at the rear of the cone could accurately be based on sharp-cone con-
cepts. Four VHF and two C-band antenna windows fabricated from slip-cast fused silica
were mounted flush with the outer surface in graphite holders on the rearmost conic
frustum. The mass of the spacecraft at launch was 272,16 kilograms.

A sketch of the spacecraft is shown in figure 2, and a photograph of the base is
shown in figure 3. The center section of the base was closed with a glass phenolic bulk-
head and the outer section with a stainless-steel rubber-coated rim cover. The photo-
graph in figure 3 shows the umbilical connectors at the edge of the base, the access hole
(closed in this photograph), and the 3.56-centimeter vent hole. The spacecraft support
ring was not in place when this photograph was made. The support ring shown in detail A
of figure 2 remained with the spacecraft after separation from the third stage of the launch
vehicle. Inside the support ring, the base of the spacecraft was flat,

Additional pertinent information concerning design considerations can be found in
references 1 and 3. In this paper the primary instrumented ray is designated ¢ = 0°
rather than ¢ = 352.5° as in reference 3.

The spacecraft was launched with a modified three-stage Scout. The launch vehicle
provided the spacecraft with a roll rate of 62 revolutions per minute prior to separation.
At an altitude of 60.96 kilometers, the spacecraft had a velocity of 6014 meters per second,
and a reentry flight-path angle of -21°. A photograph of the spacecraft—launch-vehicle
combination is shown in figure 4. The spacecraft was launched from Wallops Island and
reentered near Bermuda where telemetry and tracking stations were located.

Instrumentation

Two pressure orifices were located on the base of the spacecraft as shown in fig-
ure 2. Each pressure orifice was 0.152 centimeter in diameter and was connected to




transducers with volumes of 0.065 cc by a 0.43-centimeter inside-diameter tube approxi-
mately 22.9 centimeters long. To facilitate accurate pressure measurements at both high
and low altitude, the tubing from each orifice was manifolded to enable gages with ranges
of 0 to 0.0689 N/cm2 and 0 to 0.689 N/cm? to be installed at each location. The natural
frequency of the low- and high-range gages was 2500 Hz and 4500 Hz, respectively. Data
from the pressure gages were recorded at 20 samples per second and are believed to be
accurate to within +2 percent of the full-scale reading of the gage. (See ref. 4.)

Four direct-measuring heat gages were also located on the base as shown in fig-
ure 2. These gages were the asymptotic type with a range of 0 to 170 W/cmz. Data from
the heat gages were recorded at 10 samples per second and are believed to be accurate
to within +1.14 W/cmz. (See ref. 4.)

Results and analyses from other instrumentation onboard the spacecraft are reported
in references 1, 2, and 5 to 8. These instruments included thermocouples installed in the
beryllium wall at 21 locations from which the heating rates, the prime objective of the
experiment, were determined; pressure sensors for measurement of surface conical pres-
sure; accelerometers and rate gyros for measurement of body motions; and various diag-
nostic sensors.

Entry Trajectory and Environment

Meteorological measurements of atmospheric properties were obtained approxi-
mately 1%- hours before and after the flight with sonde payloads carried by high-altitude
sonde balloons to about 36.58 kilometers and by Arcas rockets to 60.96 kilometers. Ambi-
ent temperature and pressure were measured as a function of altitude and were employed

in computing free-stream conditions for the flight.

The trajectory and free-stream test conditions for reentry are presented in table I
and figure 5. Free-stream dynamic pressure, Mach number, sonic velocity, and Reynolds
number were computed by using experimental velocity and measured meteorological data.
Total pressure and total enthalpy were computed by use of perfect gas relations. Refer-
ence 9 gives detailed explanations and graphical presentations for the complete space-
flight trajectory including locations of receiving stations, radar equipment used, and so
forth.

The angle-of-attack component histories that the spacecraft experienced during
reentry are presented in figure 6. These histories were determined from onboard mea-
surements of normal and transverse accelerations and pitch, yaw, and roll rates. Ref-
erence 7 from which figure 6 was obtained presents the analysis of the spacecraft body
motions. During reentry the spacecraft experienced thermal distortion along the longi-
tudinal axis because of differences in temperature on opposite sides of the body. (See




ref. 8.) This distortion was small (less than 0.2°) along the rearward half of the space-
craft and was considered to be negligible in the base data analysis.

DISCUSSION

Basic Data

The base-pressure and base-heating data obtained during the experiment are pre-
sented in figures 7 and 8. To correct for small bias errors, the pressure data were
shifted to zero at high altitude (¥76.2 km) where the base pressure could be assumed to
be negligibly small. The amounts that the pressure data were shifted were as follows:

Data shift, N/cm2, for gage range of —
Location
0 to 0.069 N/cm? 0 to 0.690 N/cm?2
r/R=0 0 0.0090
r/R = 0.59 .0021 .0124

No corrections were necessary for the heating data.

Short-period oscillations, due to angle-of-attack motions of the spacecraft, and data
scatter effects are apparent in the measured base-pressure and base-heating data shown
in figures 7 and 8. The oscillations associated with variations in instantaneous angle of
attack could not be separated from scatter of the data since their magnitudes were simi-
lar. The data were, therefore, smoothed as shown in figures 7 and 8. The faired values
were used for comparison and correlation. Consequently, the pertinent angle-of-attack
conditions are the mean values rather than the instantaneous oscillatory values.

Transition Indications

Thermal data obtained at 12 stations along the primary instrumented ray (¢ = 0°)
were used to determine the movement of transition along the spacecraft. (See ref. 6.)
The state of the boundary layer at x/L = 0.92 as determined from reference 6 is indi-
cated in figure 9. Although these indications resulted from data obtained along one ray
of the spacecraft, data from the opposite ray (¢ = 180°) indicated similar results. (See
ref. 6.)

Also shown in figure 9 is the predicted time at which transition first moved onto
the spacecraft from the wake as determined from the base-pressure data by Cassanto's
method. (See ref. 10.) According to this method, the onset of transition on the body is




determined from the time history of the ratio of pressure measured at the center of the
base to free-stream static pressure as shown in figure 9. The minimum point in the
curve of Py /poo as a function of time is determined and the predicted time of transition
is assumed to occur at a ANRe, w,g of 0.7 X 105 prior to this time. The time of occur-
rence of transition on the body from this method is shown in figure 9 and is noted to be
approximately 1 second (or 2.13 kilometers) later than the first indication of transition
at x/L = 0.92. (See ref. 6.)

Base Pressure

The ratios of the present base pressures to free-stream static pressures are pre-
sented in figure 10 as a function of NRe, 0, §* Also shown in figure 10 are the data from
reference 11 which were taken on a 10°-half-angle cone during reentry at M, = 20 with
measurements made at approximately the same radial locations as those of the present
test. Large base-pressure gradients are noted when the boundary layer ahead of the base
is laminar; small gradients, for turbulent flow ahead of the base. When correlated as in
figure 10, the data are noted to decrease with increasing NRe, 0,5 for laminar flow, to
rise slightly with increasing NRe, 0,8 for transitional flow, and, again, to decrease with
increasing NRg o g for turbulent flow. These same trends are noted for the data from
reference 11 although the laminar, transitional, and turbulent regimes were not noted in
the reference. These trends in the different flow regimes were also mentioned in refer-
ence 12 and are shown by the experimental data in reference 13.

Representative pressure distributions for different flow regimes are shown in fig-
ure 11, With only two radial data points, some uncertainty exists for the laminar distri-
butions; however, the data from reference 14 show large base-pressure gradients for
laminar flow and were used as the basis for fairing the data in the manner shown. Small
gradients for turbulent flow are shown in the representative plots.

A comparison of average base pressure for turbulent flow conditions from the pres-
ent experiment with the turbulent correlation of reference 15 is presented in figure 12.
The base-pressure data in this figure are area-weighted averages of the turbulent pres-
sure distributions shown in figure 11. The radial pressure gradients were small for tur-
bulent flow and hence the average values were close to the actual measured values. The
average pressures were expressed as ratios to the local static pressure on the cone
immediately ahead of the base and are plotted in figure 12 as a function of Mach number
at the same location. The parameters P, and M; were obtained from sharp-cone
theory. The correlation in reference 15 was given for M; = 11, and is extrapolated to the
local Mach number conditions of the present experiment. The present data are higher
than the extrapolation except at the lower altitudes.



The faired laminar and turbulent base-pressure data are presented in figure 13 in
the form Cpyp asa function of M, and are compared with data from other sources
(refs. 16 to 18). The vacuum-limit curve represents the limiting value for the pressure
coefficient, that is, Py = 0. It is noted that base-pressure data from widely different
configurations and for a Mach number range from 4 to 20 compare very closely with the
vacuum-limit curve when correlated in this manner.

Base Heating

The heating-rate time histories are presented in figure 14 along with the mean total
angle of attack and the spacecraft orientation time histories. Note that in the region
where the data measured at locations 1, 2, and 4 decrease and then start increasing again
(454.5 < time < 456.5) is in the period when the spacecraft changes orientation and the
total angle of attack starts to increase.

Representative heating-rate distributions on the base are presented in figure 15 for
several altitudes. The fairings shown are through the data from the three gages which
were on a line displaced 2.54 centimeters from the ¢ = 270° ray. The data from the
fourth gage (¢ = 180°), indicated by the flagged symbol, were not in agreement with the
data from the gage at the same r/R location. According to these distributions, the
heating rates were almost constant over the center one-third of the base and decreased
over the outer two-thirds.

One unpublished method used by the General Electric Space Systems Division to
predict the heating to the base utilizes the following relationships:

-0.5

Nt Jam = 0.0513(NRe’ SS’R) (1)
-0.3

N, turb = 0-0108(Nge ss, R) 2)

These empirical relations resulted from data obtained on pointed-cone reentry vehi-
cles with relatively flat bases and low-mass-addition heat-shield materials.

Another approach suggested by AVCO Research and Advanced Development Division
for computing base heating is to compute the heating on a solid surface that is assumed to
replace the wake by the reference enthalpy method relationships as given in reference 19,
and then apply a correction factor to account for separated flow. As determined empiri-
cally in reference 20, the correction factors for laminar and turbulent flow ahead of the
base should be 0.5 and 1.0, respectively. Thus, the relationships that were used for com-
puting the heating by this method were




1/2
-2/3 -1/2f p*u*
NSt,lam = Klam(0-332)(NPr) (NRe’SS’S') <pss“ss ®)
2/3 2.58 02
) - -2.58/ 5 u*
Nt turb = Kurb(©- 185)(Npr) (19610 NRe,ss,') <p—> <r> @

where Klam =0.5 and Kturb = 1,0,

The flight data measured near the center of the base (heating gage 1) are shown in
figure 16 and are compared with equations (1) to (4). The experimental data were reduced
to the Ngi form by assuming sharp-cone conditions ahead of the base, expanding isen-
tropically to Pgg = Ppy and utilizing the resulting ss conditions (that is, u and T).
The reduction of the data was based on the pressure measured at the center of the base
and on an average measured pressure. As can be seen in figure 16, the theory compares
more closely with the data based on the average measured pressure rather than on pres-
sure measured at the center. The laminar correlations (egs. (1) and (3)) represent the
trend of the laminar data reasonably well; equation (1) overpredicts the data by approxi-
mately 30 percent and equation (3), by 15 percent. The turbulent correlations (egs. (2)
and (4)) overpredicted by 10 to 20 percent the turbulent data at the highest Reynolds num-
bers which occurred at the end of the test.

It is noted that the heating data behave in an unusual manner in the region
1.15 x 108 < Npe g5 R < 5.5 X 106 (14 x 108 < Npg g5 5 < 65 X 108). The expected trend,
when the theories and the state of the boundary layer from reference 6 are considered,
is denoted by the dashed curve., No explanation can be given for this unusual behavior of
the data except to note the following:

(1) The most windward ray of the spacecraft started changing at t = 454.5 seconds
(NRe,ss,R =115x% 106) (see fig. 14) which corresponds very closely to the time at which
the heating data are noted to fall off after starting to increase from the laminar trend.

(2) Ablation products from the quartz antenna windows were noted to suppress the
telemetry signal starting at t = 455 seconds and may have affected the base heating.

Another correlation with which the laminar part of the present data can be compared
is that of King. (See ref. 21.) In his report, King suggests that the ratio of total heat
input to the base to the total heat input to the wall ahead of the base is a function of free-
stream Reynolds number. This correlation is presented in figure 17 and can be seen to
underpredict the present experimental data by a factor of 2 to 3.



CONCLUSIONS

Flight measurements near Mach 20 of base-pressure and base-heating data on a
50-half-angle cone 396 centimeters long are presented for reentry down to an altitude of
13.72 kilometers. The data have been compared with semiempirical predictions and the
following conclusions are noted:

1. An extrapolation of Cassanto's turbulent base-pressure correlation underpre-
dicted the measured data except at the lower altitudes.

2. The first indication of transition on the body from base pressure was approxi-
mately 1 second later than the indication from sidewall data.

3. Two semiempirical relationships predicted the laminar -heating-rate data and
the turbulent data at the highest Reynolds numbers at the end of the test reasonably well.

4. A laminar correlation by King underpredicted the laminar heating data by a factor
of 2 to 3.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., December 8, 1971.
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Figure 4.- Photograph of spacecraft and launch vehicle on launcher.
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Figure 11.- Variation of pressure distribution on the base with type of boundary
layer indicated by base pressure.
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state on cone at

Boundary-layer
} x/L = 0.92 (ref. 6)

Laminar<&-% Transitional P—~; Turbulent
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| | ! |
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Pressure conditions used
in reducing flight data
0] Average
0 Center line
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(a) Method of equations (1) and (2).

Figure 16.~- Comparison of Reentry F base heating rates with two correlation methods.

35



-

Boundary-'laygr

stat
Laminar <—~4Tran3iti0na1 P~> Turbulent x/L = 8?920?:e?f 6)

Time, sec * 452,52 sk Wl 455,82 460,90

St,b

10')+ —

1079

Pressure conditions used
in reducing flight data

Average

Center line

1

36

107

NRe,ss,s’

(b) Method of equations (3) and (4).

Figure 16.- Concluded.
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